The decay width, forward-backward asymmetry and τ lepton longitudinal and transversal polarization for the exclusive B → Kτ + τ − decay in a two Higgs doublet model are computed. It is shown that the forward-backward asymmetry and longitudinal polarization of the τ lepton are very effective tools for establishing new physics. *
Introduction
The analysis of flavor changing neutral current (FCNC) decays is one of the most promising directions in particle physics, theoretical as well as experimental, as a potential testing ground for the Standard model (SM) and as regards to the physicists' endeavor to comply fully for establishing new physics beyond the SM [1] . Along these lines, the rare B meson decays which takes place via the FCNC, play an exceptional role. For example, an investigation of these rare decays opens the way for the possibility of a more precise determination of the Cabibbo-Kobayashi-Maskawa (CKM) matrix elements [2] .
Currently the main interest on the rare meson decays is focused on the decays for which the SM predicts the largest branching ratios that can be measurable in the near future. The rare B → Kℓ + ℓ − (ℓ = e, µ, τ ) processes are such decays. For these decays the experimental situation is quite promising with e + e − and hadron colliders focusing only on the observation of exclusive modes with lepton pairs as the final states. The B → Kℓ + ℓ − decay, which is described by b → sℓ + ℓ − transition at quark level, has been investigated extensively in both SM and two Higgs doublet model (2HDM) [3] - [16] . It is well known that in the 2HDM, the up type quarks acquire their masses from Yukawa couplings to the Higgs doublet H 2 (with the vacuum expectation value v 2 ) and down type quarks and leptons acquire their masses from Yukawa couplings to the other Higgs doublet H 1 (with the expectation value v 1 ). In 2HDM there exist five physical Higgs fields: neutral scalar H 0 , h 0 , neutral pseudoscalar A 0 and charged Higgs bosons H ± . Such a model occurs as natural a feature of the supersymmetric models [17] . In these models the interaction vertex of the Higgs boson and fermions depends on the ratio tanβ = v 2 v 1 which is a free parameter in the model. The constraints on tanβ are usually obtained from B −B, K −K mixing, b → sγ decay width, semileptonic decay b → cτν τ and is given by [18, 19] :
(the lower bound m H + ≥ 200 GeV is obtained in [19] ). In all these studies the contributions from neutral Higgs boson exchange diagrams are neglected, since the lepton-lepton-Higgs vertices are proportional to the lepton mass. But for the b → sτ + τ − decay the mass of the τ lepton is not too small compared to the b quark mass, and hence one expects that the neutral Higgs boson exchange diagrams may contribute considerably to such channels. It has been pointed by Hewett [20] that the longitudinal polarization P L of the final lepton is an important observable that may be accessible in the B → Kτ + τ − decay mode. Recently it has been shown in [21] that the complementary information is contained in P L , together with the two other orthogonal components of polarization (P T is the component of of the polarization lying in the decay plane and P N is the one that is normal to the decay plane). Both P T and P N are crucial for the τ + τ − channel since they are proportional to
,
The QCD correction to the Wilson coefficients C i (m W ) and C Q i (m W ) can be calculated using the renormalization group equations. In [27] it was shown that the operators O 9 and O 10 do not mix with Q i (i = 1, . . . , 10), so that the Wilson coefficients C 9 and C 10 remain unchanged and their values are the same as in the SM. Their explicit forms can be found in [27] , where it is also shown that O 7 can mix with Q i . But additional terms due to this mixing can safely be neglected since the corrections to the SM value of C 7 arising from these terms are less than 5% when tanβ ≤ 50.
Moreover the operators O i (i = 1, . . . , 10) and Q i (i = 3, . . . , 10) do not mix with Q 1 and Q 2 and also there is no mixing between Q 1 and Q 2 . For this reason the evolutions of the coefficients C Q 1 and C Q 2 are controlled by the anomalous dimensions of Q 1 and Q 2 respectively:
where γ Q = −4 is the anomalous dimension of the operators L b R . Neglecting the strange quark mass, the matrix element for b → sτ + τ − decay is [27] :
where p 2 is the invariant dileptonic mass, the Wilson coefficients C 7 , C 9 and C 10 are obtained from their SM values by adding the contributions due to the charged Higgs bosons exchange diagrams. Note that this addition is performed at high m W scale, and then using the renormalization group equations, the coefficients are calculated at lower m b scale. Coefficients C Q 1 and C Q 2 describe the neutral Higgs boson exchange diagrams' contributions. Note that the coefficient C ef f
, where the function Y contains the contributions from the one loop matrix element of the [6, 28, 29] . In addition to the short distance contributions, it is possible to take into account the long distance effects associated with real cc in the intermediate states, i.e., with the cascade process B → KJ/ψ(ψ ′ ) → Kℓ + ℓ − .These contributions are taken into account by introducing a Breit-Wigner form of the resonance propagator and this procedure leads to an additional contribution to C ef f 9 of the form [10, 30] 
From eq. (8) it is obvious that, in order to calculate the decay width and other observables for the exclusive B → Kℓ + ℓ − channel, the matrix elements
K |siσ µν q ν (1 + γ 5 )b| B , and K |s(1 + γ 5 )b| B have to be calculated. These matrix elements can be parametrized in terms of the formfactors f + , f − and f T in the following way:
where p = p B − p K is the momentum transfer. To be able to calculate the the matrix element K |s(1 + γ 5 )b| B , we multiply both sides of eq. (10) by p µ and use the equation of motion. Neglecting the mass of the strange quark, we get:
Making use of eqs. (9), (10) and (11) we obtain for the matrix element of the B → Kτ + τ − decay:
where
The formfactors f
are investigated in the light cone QCD sum rules framework and to a good accuracy their p 2 dependence are found to be representable in the following pole forms [26] :
which we will use in the numerical calculations. Using eq. (12) and performing summation over final lepton polarization, we get for the double differential decay rate:
where z = cosθ and θ is the angle between the three momenta of the negatively charged lepton and the B-meson in the CM frame of the final leptons, and v = 1 − . As we have noted previously, the forward-backward asymmetry A F B and the final lepton polarization involve different combinations of the Wilson coefficients C 7 , C ef f 9 , C 10 , C Q 1 , and C Q 2 and therefore each of them contains independent information. For this reason, here in what follows we study these quantities in more detail.
The forward-backward asymmetry A F B is defined as:
Note that in the SM, the forward-backward asymmetry is zero when the polarization of the final lepton is summed over. The reason is obvious: the hadronic current for the B → K transition is a pure vector current. But forward backward asymmetry (or charge asymmetry) is non-zero only if there exists C-violating terms. In the 2HDM there is a Cviolating term proportional to F 1 (see eq. (12)), so that, A F B is nonzero and is proportional to the lepton mass. For small values of tanβ, the contributions from the neutral Higgs boson exchange diagrams are very small, and hence one expects that the value of A F B be small also. But for large tanβ, the contributions of the neural Higgs boson exchange diagrams become significant and we expect A F B to be large. The numerical analysis confirms these expectations (see numerical analysis section).
Let us now discuss the lepton polarization effects. We define three orthogonal unit vectors:
where p 1 and p K are the three momenta of the ℓ − lepton and the K meson, respectively, in the center of mass of the ℓ + ℓ − system. The differential decay rate for any given spin direction n of the ℓ − lepton, where n is a unit vector in the ℓ − lepton rest frame, can be written as dΓ ( n) dp 2 = 1 2 dΓ dp 2
where the subscript "0" corresponds to the unpolarized case, and P L , P T , and P N , which correspond to the longitudinal, transverse and normal components of the polarization vector, respectively, are functions of p 2 . These components P i (i = L, T, N) are defined as:
dΓ dp 2 ( n = e i ) − dΓ dp 2 ( n = − e i ) dΓ dp 2 ( n = e i ) + dΓ dp 2 
The calculations for the P i 's (i = L, T ) lead to the following results:
The factor ∆ in eqs. (18) and (19) can be obtained from eq. (15) by an integration over z of the terms in the curly brackets. Note that the explicit form of the normal component P N of the polarization vector of the ℓ − lepton is also calculated. However, an analysis of its behavior with respect to p 2 shows that numerically it is quite small, so that we do not present it. As a check of our results, when we equate F 1 and F 2 to zero, i.e., neglect the contributions from the Higgs bosons, we obtain the results of [26] .
Numerical Analysis
The values of the main input parameters, which appear in the expression for the decay width are: for the b → s transition in the next to leading order approximation is given as (see for example [32] ):
with
. The explicit forms of C
In the above expression w(ŝ) represents the one gluon correction to the matrix element O 9 and its explicit form can be found in [12] , while the function g(m q ,ŝ) arises from the one loop contributions of the four quark operators O 1 − O 6 (see for example [32, 33] ), i.e.,
In Table 1 Further, we choose sinα = √ 2 2 and the numerical calculations for the branching ratio are all carried at three different values of tanβ, i.e., tanβ = 1, tanβ = 20 and tanβ = 30.
In Fig.1 (a) we present the p 2 dependence of the differential branching ratio for the B d → Kτ + τ − decay with the long distance effects, for tanβ = 1. The numbers 1, 2 and 3 on each curve identify the mass set-1, 2 and 3 for the Higgs particles m H ± , m h 0 , m H 0 and m A 0 , respectively, as displayed in Table 1 . The curve numbered as 4 is the one calculated in the Standard Model [26] and is depicted for a comparison of the two models. Fig.1 (b) and (c) are the similar graphs at tanβ = 20 and tanβ = 30, respectively. The sharp peaks in these figures are due to the long distance contributions. Note that the curves that represent the short distance contributions are not plotted in this set of figures. The reason for this is our observation of the fact that, in each respective mass set these curves overlap with and mimic the behavior of the curves representing the long distance effects at all points of p 2 , except at sharp peaks. It is also observed that the spectrum of the invariant mass distribution is slightly asymmetric.
In Fig.2 (a) and (b) we plot the dependence of the forward-backward asymmetry A F B on p 2 for the B d → Kτ + τ − decay, with and without the long-distance effects at different values of tanβ. The lines numbered as 1, 3 and 5 represent the long distance effects for the mass sets 1, 2 and 3, respectively, while the lines with numbers 2, 4 and 6 are depicted for the short distance effects. From these figures we see that A F B is negative for all values of p 2 except in the ψ ′ resonance region and it is sensitive to the value of tanβ. For tanβ = 1 A F B is quite small, so that we do not present it here.
In Fig.3 (a) , (b) and (c) we present the p 2 dependence of the longitudinal polarization of the final lepton P L without the long distance effects at tanβ = 1, tanβ = 30 and tanβ = 50, respectively. The lines numbered as 1, 2 and 3 represent the mass set-1, 2 and 3, respectively. The line with number 4 is the one presented in [26] for the Standard Model calculations. As is obvious from these figures if we exclude the resonance mass region of ψ ′ , P L is negative for all values of p 2 . Note that the behavior of the P L curves are sensitive to the different choices of the value of tanβ.
In Fig.4 (a) , (b) and (c) we present the p 2 dependence of the transversal polarization P T of the τ lepton which lies in the decay plane, without the long distance effects, at tanβ = 1, tanβ = 30 and at tanβ = 50, respectively. The lines numbered as 1, 2 and 3 represent the mass set-1, 2 and 3, in the respective order. From these figures it follows that at tanβ = 1 P T is positive at all values of p 2 . On the other hand, for tanβ = 30 and tanβ = 50, P T is positive near the threshold region while it becomes negative far from the threshold region. Therefore the determination of the sign of P T in the future experiments is a very important issue and can provide a direct information for the establishment of new physics.
For completeness in Figs.5-7 we present the results for the B → Kµ + µ − decay. It is clear that in this case the neutral Higgs exchange diagram contributions are quite small and the deviation from the SM prediction is due to the charged Higgs boson exchange diagrams.
In Fig.5 we present the differential branching ratio versus p 2 for B → Kµ + µ − with and without the long distance effects. The sharp peaks in these figures are due to the long distance contributions, as is the case for Fig.1. Fig.5 (a) is for the mass set-1, (b) is for the mass set-2 and (c) is presented for the mass set-3. The lines numbered as 1, 3 and 5 represent the long distance effects for the mass sets 1, 2 and 3, respectively, while the numbers 2, 4 and 6 are presented for the short distance effects. The abbreviation SM on the bottom pair of curves (5 and 6) stands for the Standard Model results as depicted in [26] . The branching ratio for the B → Kµ + µ − decay is not as sensitive to the value of tanβ as for the B → Kτ + τ − decay. The behavior of the longitudinal polarization P L with changing p 2 for the B → Kµ + µ − decay is presented in Fig.6 , with and without the long distance effects. Curves 1, 2 are evaluated numerically at tanβ = 1 while those 3 and 4 represents the behavior of the longitudinal polarization calculated at tanβ = 50. The last two curves 5 and 6 depict the Standard Model results [26] . The ordering of the figures and of the numbering of lines for the short and long distance effects are exactly the same as explained for Fig.5 . Without the long distance effects P L is always negative. In Fig.7 (a), (b) and (c) we present the transversal polarization P T for the B → Kµ + µ − decay as a function of p 2 , for mass set-1, mass set-2 and mass set-3, respectively. While at tanβ = 1 P T is always positive, at tanβ = 30 and tanβ = 50 it changes sign. Thus the investigation of the sign of P T can be an effective tool in search for new physics.
Since, as we have already noted, A F B , P L , and P T contain independent information, their investigation in the future experiments will be quite an efficient tool for establishing new physics.
In Table 2 we present the values of the branching ratios for the B d → Kτ + τ − decay. After integrating over p 2 we get for the branching ratios for the The ratio of the exclusive and inclusive channels is defined as:
In the SM this ratio is given as R = 0.07 ±0.02 when B(b → sτ + τ − ) = (2.6 ±0.5) ×10
−7 [33] . In Table 3 we display the results that we have calculated for our case, using the values given in Table 2 . In conclusion, we calculate the rare B → Kℓ + ℓ − decay in 2HDM. It is observed that the forward-backward asymmetry A F B , the longitudinal polarization P L and the transversal polarization P T of the charged final lepton are very sensitive to the variations in tanβ. Therefore, in search of new physics their experimental investigation can serve as the crucial test.
Figure Captions
1. Invariant mass distribution for the B → Kτ + τ − decay with the long distance effects. In Fig.1 (a), (b) and (c) the numbers 1, 2 and 3 on each curve identify the mass set-1, 2 and 3, respectively, for the Higgs particles. The curve numbered as 4 is the one calculated in the Standard Model. The sharp peaks in these figures are all due to the long distance contributions.
2. The dependence of the forward-backward asymmetry A F B on p 2 for the decay B → Kτ + τ − . The lines numbered as 1,3 and 5 represent the long distance effects for the mass sets 1, 2 and 3, respectively, while the lines with numbers 2, 4 and 6 are chosen for the short distance effects. 
